Abstract. We experimentally demonstrate a broadband and an ultrabroadband spectral bandwidth polarization rotators. Both polarization rotators have modular design, that is, they are comprised of an array of half-wave plates rotated to a given angle. We show that the broadband and ultra-broadband performance of the polarization rotators is due to the adiabatic nature of the light polarization evolution. In this paper we experimentally investigate the performance of broadband and ultra-broadband polarization rotators comprising of ten multi-order half-wave plates or ten commercial achromatic half-wave plates, respectively. The half-wave plates in the arrays are rotated gradually with respect to each other starting from an initial alignment between the fast polarization axis of the first one and the incoming linearly polarized light, to the desired polarization rotation angle.
Introduction
The analogy between the Poincaré space, which is used for the description of light polarization, and the Bloch space, which is used for the description of quantum-state dynamics of two-level systems, is well-known [1, 2, 3, 4, 5, 6, 7] . This has allowed a transfer of concepts from the field of quantum optics [8, 9] and nuclear magnetic resonance [10, 11, 12] to the field of polarization optics [13, 14] . For instance, the concept of composite pulses [10, 11, 12] was successfully used to create broadband half-and quarter-wave plates [15, 16, 17] as well as tunable polarization rotators [18, 19] . Another example is the application of adiabatic techniques developed for quantum systems in polarization optics [20, 21, 22, 23] to design various robust and achromatic polarization retarders and optical isolators.
In this paper we report an experimental demonstration of a broadband and an ultra-broadband polarization rotators, designed by an analogy to piecewise adiabatic passage technique [24, 25, 26] . The broadband and ultra-broadband polarization rotators are assembled according to the recent theoretical work of Shore et al. [23] as a sequence of ten multi-order half-wave plates and ten commercial achromatic half-wave plates, respectively. For both designs, the half-wave plates are rotated gradually from an alignment between the fast-polarization axis with the initial linearly polarized light to an alignment of the fast-polarization axis with the desired final linear polarization orientation.
Theory
We first consider the propagation of a plane electromagnetic wave along the z-axis through a lossless medium. In this case polarization evolution is given with the torque equation for the Stokes vector [4, 5, 27, 28] :
where z is the distance along the propagation direction,
is the Stokes vector, and the driving torque
is the birefringence vector of the medium. When the medium does not possess optical activity and is uniaxial with the slow and fast axes in the xy plane, then the components of the birefringence vector Ω(z) are given explicitly as
Here n e and n o are the refractive indices along the fast and slow axes, λ is the light wavelength, Ω 0 is the rotary power, and ϕ is the angle of rotation between the fast (slow) axis and the x (y) Cartesian axis. Now if the Stokes vector S is initially parallel to the birefringence vector Ω, such that Ω × S = 0, and we change slowly (adiabatically) the angle ϕ, then the Stokes vector will also evolve adiabatically with it. For instance, if linearly polarized light is initially in the horizontal plane, i.e., S (z i ) = (1, 0, 0), and ϕ (z i ) = 0, which corresponds to aligning the x and y axes of the Cartesian coordinate system to coincide with the fast and slow optical axes, then the birefringence vector Ω is initially aligned with the Stokes vector. Following an adiabatic evolution, the final angle of linear polarization will be ϕ (z f ). This adiabatic approach has the advantages of being robust with respect to large intervals of values for Ω 0 and is therefore, broadband.
In this work we propose an alternative scheme for the adiabatic evolution for the Stokes vector by means of discrete modular design of the polarization rotators [23, 24, 25, 26] . That is, we consider that the rotation of the angle ϕ takes place in a sequence of discrete steps, rather than continuously. Experimentally, we realize this by a sequence of N = 10 birefringent crystals, each rotated at an angle ϕ m with respect to the chosen Cartesian coordinate system (illustrated schematically in Figure 1 ). For such a scheme the overall adiabatic evolution is achieved if the individual rotation angles change gradually and if there are sufficient number of steps (ϕ m = ϕ N ≪ ϕ). It is necessary that each of the birefringent crystals drives not more than a "Rabi" cycle, in other words, that each module is not more than a half-wave plate. 
Experiment

Optical setup
We performed several experiments to verify our theoretical predictions for the performance of both broadband and ultra-broadband adiabatic polarization rotators. The linear polarization of white light beam was rotated at 45 0 , 60 0 , 75 and 90 0 degrees passing through a set of ten half-wave plates. A 10 W Halogen-Bellaphot (Osram) Figure 2 . (Color online) Experimental setup. The source S, irises I, lens L 1 , lens L 2 and polarizer P 1 form a collimated beam of white polarized light. Analyzer P 2 and lens L 3 focus the beam of output light onto the entrance F of an optical fibre connected to a spectrometer. The stack of ten wave plates rotates the linear polarization of the light in the broadband and ultra-broadband spectra.
lamp with DC power supply was applied as a light source with continuous spectrum in the range from 450 nm to 1100 nm (Figure 2) . A sequence of an iris, two lenses and a polarizer were used for production of collimated light beam. The iris I was placed in the focus of plano-convex lens L 1 (f =35mm) imitating a point light source. The received beam was additionally collimated by a second lens L 2 with f =150 mm. Polarizer P 1 (Glan-Tayler, 210-1100 nm, borrowed from a Lambda-950 spectrometer) linearly polarized the white light in the horizontal plane.
We used two types of half-wave plates for our experiments. In the first experiment a set of ordinary multi-order quarter-wave plates (WPMQ10M-780, Thorlabs) which perform as half-wave plates at λ=763 nm were used while in the second experiment achromatic half-wave plates (WRM053-mica, 700-1100 nm, aperture 20 mm) were exercised. Each wave plate (aperture of 1 ′′ ) was assembled onto a separate RSP1 rotation mount which realizes a 360 0 rotation. The scale marked at 2 0 increments allows for precise, repeatable positioning and fine angular adjustment.
We analyzed the characteristics of the transmitted light through the ten wave plates by a polarizer P 2 (the same type as P 1 ) and a grating monochromator (Model AvaSpec-3648 Fiber Optic Spectrometer with controlling software AvaSoft 7.5). We used a plano-convex lens L 3 (f =20 mm) and a two-axis micro-positioner to focus the light beam onto the optical fibre entrance F of the monochromator.
Measurement procedure
Our aim was to demonstrate broad and ultra-broad spectral bandwidth linear polarization rotators composed by two sets of ten identical wave plates. Each set was assembled by multi-order wave plates or by achromatic wave plates, respectively, as described above in Subsection 3.1. The wave plates were slightly tilted to reduce unwanted reflections [16] . For the analysis of the experimental data we used a single beam spectrometer. To account for noise and losses due to light transmission, reflection and absorption in different media, we measured the light and dark spectra for all experiments. Furthermore, we used the dark spectrum, which is measured with the light path completely blocked, for correction of hardware offsets. The reference spectrum is usually taken with the light source on and a blank sample instead of the sample of interest measured. In our case, however, we measured the transmission spectrum of the already assembled polarization rotator, but the axes of the polarizer P 1 , the analyzer P 2 and the fast axis of each single wave plates were all set parallel. We used the measured light spectrum as a reference for the subsequent measurements.
A linearly polarized light beam passed by the sequences of N wave plates. Each of them was adjusted at the estimated angle by the formula: ϕ m = (m − 1)
, where m is the sequential number of the wave plate and N = 10 in the present experiment. The rotation effect was investigated for each of the arbitrary chosen angles α = 45 0 , 60 0 , 75 0 , 90 0 . The data were taken with analyzer P 2 revolved at angle α and α + 90 0 .
Experimental results
We experimentally tested and proved development of a broad spectral bandwidth polarization rotator settled by ten multi-order half-wave plates. The transmittance spectra were taken for four arbitrary chosen angles α. α + 90 0 of the analyzer P 2 were also presented on Figure 3 b. The blow out the ray at α + 90 0 proves that the polarization of the light is orthogonal to the one at angle α. Even broader effect was reached by using ten achromatic half-wave plates. We created ulta-broad bandwidth linear polarization rotator following the above explained algorithm. We used the same rotation angles α. Each of the wave plate in the 
Conclusion
In this paper we demonstrated experimental application of piecewise adiabatic passage, concept introduced by Shapiro et al. in quantum optics [24, 25, 26] , for an optical broadband and ultra-broadband polarization rotators. The broadband and ultrabroadband polarization rotators are modular designed as stacks of multi order halfwave plates or commercial achromatic half-wave plates, which are rotated smoothly from alignment between the fast-polarization axes with initial linear polarized light to the alignment of the fast-polarization axes with desired linearly polarization orientation. The experimental results show visible broadening effects which are kept the same at different angles of the chosen sequence of wave plates.
